We electrically collected membrane-intact and dehydrogenase-positive chemosynthetic symbiotic bacteria from fresh gill tissues of the deep-sea bivalve Calyptogena okutanii. The symbiotic bacteria in the homogenized gill tissues were attached to an indium tin oxide/glass electrode by a −0.3-V vs. Ag/AgCl constant potential application for 2 h at 4°C. The attached symbiotic bacteria were detached by applying a +10-mV vs. Ag/AgCl, 9-MHz triangular wave potential. This electrical collection method holds potential for molecular and cellular analyses of both hostsymbiont interactions and symbiont metabolism in chemosynthetic symbioses.
Introduction
Chemosynthetic symbioses, initially discovered at hydrothermal vents, also occur in shallow mud flats, seagrass beds, and seeps. 1, 2 In each case, symbiotic bacteria play an important role in providing nutrition for their host animals. Although the occurrence of such symbioses is widespread, little is known of the mechanisms of host-symbiont interactions or symbiont metabolism due to their inaccessibility and our inability to culture host cells and symbiotic bacteria separately.
The deep-sea bivalve Calyptogena okutanii (Bivalvia: Mollusca) is a member of the Vesicomyidae. Species within this family form intracellular symbioses with chemosynthetic Gammaproteobacteria, which are harbored within their gill epithelial cells. [3] [4] [5] The C. okutanii symbiont Candidatus Vesicomyosocius okutanii is an intracellular sulfur-oxidizing endosymbiont, of which the genome has been sequenced, 4 uses the chemical energy of reduced sulfur, and fixes inorganic carbon to produce organic compounds. Vesicomyid clam species live in environments such as seeps and hydrothermal vents and depend on their endosymbionts nutritionally 4-7 because their digestive tracts are vestigial. Vesicomyid symbionts are presumed to be obligatorily symbiotic as they have a relatively reduced genome size 4, 8 and are thought to be maternally transmitted between successive host generations via their eggs. [9] [10] [11] [12] In previous studies, we demonstrated that living microorganisms suspended in nonnutritive solutions such as PBS(¹) and artificial seawater could attach to an indium tin oxide/glass (ITO) electrode with a weak negative constant potential application against gravitational force. 13, 14 The living microorganisms were collected after detachment from the ITO electrode by application of a highfrequency wave potential. 13, 14 Using this electrical collection method, we succeeded in collecting 32 phyla and 72 classes of bacteria, 14 3 archaea of Crenarchaeota thermoprotei, Marine Group I, and Thaumarchaeota incertae sedis, 14 and the yeast Saccharomyces cerevisiae.
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In the present study, we examined whether the potentialcontrolled ITO electrode could be used to collect membrane-intact and dehydrogenase-positive symbiotic bacteria from homogenized gill tissues of C. okutanii.
Experimental

Collection of C. okutanii
Samples of the deep-sea bivalve C. okutanii were collected by the remotely operated vehicle Hyperdolphin from the seep area of Sagami Bay (35°00BN, 139°13BE; 910-1,176 m), Japan. The sequence of the mitochondrial cytochrome oxidase subunit 1 gene was used to identify the Calyptogena species. 5 
Potential application
We used the previously described 3-electrode chamber system to apply constant and high-frequency wave potentials, both of which are described in detail elsewhere. 13, 14 2.3 Collection of symbiont bacteria from deep-sea bivalves using the potential-controlled electrode To obtain intracellular symbiotic bacteria from gill tissues of C. okutanii, we used the previously described deep-sea animal cell culture techniques for preventing the contamination of tissueattached bacteria. 16 The mucus was removed from freshly dissected gill tissues of the deep-sea bivalve with paper towels, and then the tissues were washed with artificial seawater at 4°C and dipped into 70% ethanol for 30 s (Fig. 1A) . The gill tissues were chopped into 1-mm 3 pieces in artificial seawater at 4°C containing 1% (v/v) antibiotics (Antibiotic Antimycotic Solution [100©], Sigma, St. Louis, MO, USA). The pieces of gill tissue were further rinsed with artificial seawater (4°C), transferred to a sterilized quartz mortar, and homogenized for 5 min on ice. Then 12.5 ml of the gill tissue homogenate suspension in artificial seawater at 4°C was poured into a 58.5-cm 2 base area of the large ITO electrode (Fig. 1A) . The gill tissue homogenate from a single deep-sea bivalve was applied to one large chamber. In negative control experiments, the gill homogenate was resuspended in 70% EtOH with vortexing and incubated for 1 h at 60°C. We also used foot tissue homogenates of the bivalves instead of the gill tissues. A ¹0.3-V vs. Ag/AgCl constant potential was applied to the large electrode for 2 h at 4°C. After 2-h application, the electrode was washed 3 times with artificial seawater at 4°C. The microorganisms attached to the electrode were detached by applying a «10-mV vs. Ag/AgCl, 9-MHz triangular wave potential for 20 min in 12.5 ml of fresh artificial seawater at 4°C. The detached microorganisms were collected with a cell scraper, transferred to either a new large electrode chamber device or patterned ITO electrode chamber device, and a ¹0.3-V vs. Ag/AgCl constant potential was applied for a further 2 h at 4°C in artificial seawater (Fig. 1A) . After the application, each electrode was washed 3 times with artificial seawater at 4°C, and the microorganisms on the electrode were observed using a phase-contrast microscope (CKX-41, Olympus, Tokyo, Japan) with a USB digital camera (Wraycam-G500, Wraymer Inc., Osaka, Japan). For molecular phylogenetic analyses, the microorganisms on the large electrode were detached by application of a «10-mV vs. Ag/AgCl, 9-MHz triangular wave potential for a further 20 min in 12.5 ml of fresh artificial seawater at 4°C. The electrically collected microorganisms were used in the phylogenetic analyses. DNA extraction, PCR amplification, and phylogenetic analyses are described elsewhere. 
Microscopic observation of microorganisms on the
patterned ITO electrode To analyze the respiratory activity and membrane damage of the microorganisms attached to the electrode, we used a bacstain CTC rapid staining kit for microscopy (Dojindo, Kumamoto, Japan) and a live/dead backlight bacterial viability kit for microscopy and quantitative assays (L7012, Molecular Probes, Eugene, OR, USA), respectively. We observed the microorganisms using a confocal laser scanning microscope system (FV500, Olympus). No autofluorescence was observed in the samples.
Results and Discussion
We investigated whether the potential-controlled ITO electrode collected the symbiotic bacteria Candidatus Vesicomyosocius okutanii from gill tissues of C. okutanii (Fig. 1A) . In our previous studies, we found that most of marine bacteria selectively attached to the ¹0.3-V vs. Ag/AgCl applied electrode in artificial sea water. 13, 14 We observed that ¹0.4 V vs. Ag/AgCl and under potentials occurred with electrical currents due to the adsorption wave of positive ions in artificial sea water on the electrode surface. 13 We did not find any reduction in cell viability between ¹0.3 V and +0.6 V vs. Ag/AgCl potential applications. [13] [14] [15] To avoid nonspecific adsorptions of the mashed gill cell fragments on the electrode surface, electrical attachment was conducted in duplicate to confirm that membrane-intact and dehydrogenase-positive symbiotic bacteria were attached to the ¹0.3-V vs. Ag/AgCl applied ITO electrode against gravitational force (Fig. 1B) . The dehydrogenasepositive symbiotic bacteria in the mashed gill tissues were attached to the upper ITO electrode region to which a ¹0.3-V vs. Ag/AgCl potential was applied (Fig. 1B) . They were small, globular-shaped symbiotic bacteria, 0.5 « 0.1 µm in diameter (mean « SD; n = 10). Membrane damage to the symbiotic bacteria on the ITO electrode region was also examined using the live/dead backlight bacterial viability kit (Fig. 1B) . Bacterial cells with damaged membranes considered to be dead or dying stain red, whereas bacterial cells with an intact membrane stain green. We confirmed that 99.0% (= 285 of 288 cells) of the symbiotic bacteria on the ITO electrode region had intact cell membranes (Fig. 1B) . Figure 1C shows the distribution pattern of symbiotic bacteria in the mashed gill and foot tissues of C. okutanii on the large ITO electrode. The symbiotic bacteria in the mashed gill tissues were attached to the large ITO electrode to which a ¹0.3-V vs. Ag/AgCl potential was applied (Fig. 1C) . All the genomic DNA of 16 electrically retrieved microorganisms was confirmed to be that of Candidatus Vesicomyosocius okutanii (accession no. AP009247.1; query coverage = 100%; E-value = 0.0; max identification = 100%; n = 16). The electrically retrieved bacteria obtained from the C. okutanii gill tissues were affiliated with a single species of symbiotic bacteria, consistent with the results of previous and continuing studies. 4, 5, 7 In negative control experiments, few or no symbiotic bacteria were attached to the large ITO electrode in the foot tissue homogenates and 70% EtOH-fixed gill tissue homogenates, respectively (Fig. 1C) . After duplicate electrical collection with the large electrode chambers, we succeeded in collecting 1 © 10 7 membrane-intact symbiotic cells/g/58.5 cm 2 from 3 © 10 8 total symbiotic cells/g gill sample.
Conclusion
The intact and dehydrogenase-positive symbiotic bacteria Candidatus Vesicomyosocius okutanii extracted from the homogenized gill tissues of C. okutanii were attached to the ITO electrode region by a ¹0.3-V vs. Ag/AgCl constant potential in artificial seawater at 4°C. The intact symbionts collected totaled 1 © 10 7 cells/g/58.5 cm 2 gill sample.
